Abstract Members of the conserved small heat shock protein (sHSP) family, such as aB-crystallin and Hsp27, are constitutively expressed in diverse malignancies and have been linked to several hallmark features of cancer including apoptosis resistance. In contrast, the sHSP HspB2/MKBP, which shares an intergenic promoter with aB-crystallin, was discovered as a chaperone of the myotonic dystrophy protein kinase and has not been previously implicated in apoptosis regulation. Here we describe a new function for HspB2 as a novel inhibitor of apical caspase activation in the extrinsic apoptotic pathway. Specifically, we demonstrate that HspB2 is expressed in a subset of human breast cancer cell lines and that ectopic expression of HspB2 in breast cancer cells confers resistance to apoptosis induced by both TRAIL and TNF-a. We also show that HspB2 inhibits the extrinsic apoptotic pathway by suppressing apical caspases-8 and 10 activation, thereby blocking downstream apoptotic events, such as Bid cleavage and caspase-3 activation. Consistent with these in vitro effects, HspB2 attenuates the anti-tumor activity of TRAIL in an orthotopic xenograft model of breast cancer. Collectively, our results reveal a novel function of HspB2 as an anti-apoptotic protein that negatively regulates apical caspase activation in the extrinsic apoptotic pathway.
Introduction
Apoptosis is a genetically regulated cell suicide program that plays an essential role in development and in maintaining homeostasis, while defects in this process contribute to the pathogenesis of many diseases [1] . Indeed, genetic and epigenetic alterations that confer resistance to apoptosis are a defining ''hallmark'' of cancer that results in enhanced cell survival in the setting of oncogenic and/or oxidative stress [2] . As such, the apoptotic machinery represents an attractive therapeutic target to initiate cancer cell death [3] .
Recently, pro-apoptotic receptor agonists such as TNFrelated apoptosis-inducing ligand (TRAIL/Apo2L) have emerged as promising cancer therapies because they selectively induce apoptosis in cancer cells [4] . TRAIL is a pro-apoptotic member of the TNF-a cytokine family that bind to their death receptors, defined by the presence of a conserved intracellular death domain, to activate the extrinsic or death receptor pathway of apoptosis. TRAIL binds to the extracellular domain of its receptors, DR4/ TRAIL-R1 and DR5/TRAIL-R2, to induce their trimerization on the cell surface and subsequent recruitment of the death domain-containing protein FADD to the cytoplasmic death domain of the receptor complex. FADD then recruits the apical procaspases-8 and 10 to the death receptor complex via their death effector domains, which results in the dimerization-dependent activation of apical caspases-8 and 10 by induced proximity [5] [6] [7] . Once activated, the apical caspases directly activate the effector caspase-3 or cleave the pro-apoptotic Bcl-2 family member Bid into truncated Bid (tBid). tBid translocates to the mitochondrial membrane where it activates Bax to release apoptotic mediators, such as cytochrome c, from the mitochondrial intermembrane space into the cytoplasm [8, 9] . The accumulation of cytochrome c in the cytoplasm leads to the Apaf-1-dependent assembly of the apoptosome, which activates caspase-9 and subsequently caspase-3 [10] .
As with many cancer therapeutics, de novo or acquired resistance to TRAIL occurs via genetic and/or epigenetic alterations in one or more components of the TRAIL signaling pathway, a subset of which have been identified. For example, inactivating mutations or reduced surface expression of death receptors, deletion or epigenetic silencing of caspase-8 or Bax, and overexpression of FLIP, survivin and Bcl-2 have all been reported to confer resistance to TRAIL [11] [12] [13] [14] [15] [16] [17] [18] . Moreover, we have demonstrated that the small heat shock protein (sHSP) aB-crystallin protects breast cancer cells from TRAIL-induced apoptosis by inhibiting caspase-3 activation [19] . aB-crystallin/HspB5 is a member of the sHSP family (named HspB1-B10) that plays a dual cytoprotective role by suppressing protein aggregation and inhibiting apoptosis [20] . Intriguingly, the aB-crystallin gene shares an intergenic promoter with the adjacent HspB2/ MKBP gene [21, 22] . HspB2/MKBP (myotonic dystrophy protein kinase binding protein) is a sHSP that binds to the myotonic dystrophy protein kinase (DMPK), increasing its activity and conferring thermal protection [23] . HspB2 is not activated by heat induction and forms an oligomeric complex with another sHSP HspB3 (but not aB-crystallin) in muscle tissue [24] . It has also been shown to partly colocalize with mitochondria [25] . However, HspB2 has not previously been reported to regulate apoptosis.
Here we describe a new function for HspB2 as a novel negative regulator of apical caspase activation in response to activators of the extrinsic apoptotic pathway. Specifically, we demonstrate that ectopic expression of HspB2 in breast cancer cells confers resistance to apoptosis induced by both TRAIL and TNF-a. We also show that HspB2 inhibits the extrinsic apoptotic pathway by attenuating the activation of apical caspases-8 and 10 and subsequent events in the apoptotic cascade including Bid cleavage and effector caspase-3 activation. Consistent with these in vitro effects, HspB2 inhibits the anti-tumor efficacy of TRAIL in vivo in a xenograft model of breast cancer. Taken together, our findings indicate that HspB2 is a novel anti-apoptotic protein that negatively regulates apical caspase activation in the extrinsic apoptotic pathway.
Materials and methods

Cell culture and reagents
Human MDA-MB-231 cells were grown in DMEM (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen) and 1% penicillin-streptomycin-glutamine (Invitrogen). All cells were maintained at 37°C in a 5% CO 2 atmosphere. Mouse monoclonal antibodies against caspase-3, 7, MLH-1, HspB2, FADD, and cytochrome c were purchased from BD Biosciences. Polyclonal antibodies against caspase-10 and 9 were purchased from Cell Signaling and Cayman Chemical, respectively. Mouse monoclonal antibodies against a-tubulin and FLAG-M2 and a rabbit polyclonal FLAG antibody were purchased from Sigma. A mouse monoclonal antibody against caspase-8 was kindly provided by Dr. Marcus E. Peter (University of Chicago, Chicago, IL). A rat polyclonal antibody against Bid was kindly provided by Dr. Honglin Li (Northwestern University, Chicago, IL). A mouse monoclonal antibody against CoxIV was purchased from Molecular Probes. The horseradish peroxidase-conjugated goat anti mouse, rabbit, and rat antibodies were purchased from Southern Biotechnology. TNF-a was purchased from R&D Systems. A protease inhibitor cocktail was purchased from Sigma. Recombinant soluble TRAIL was made as described previously [19] .
Construction of FLAG-tagged cDNAs and stable cell lines
To generate a cDNA encoding wild-type HspB2, human skeletal muscle cDNA was subjected to PCR amplification as described previously [26] with the following primers:
0 . MDA-MB-231 cells were transfected with the pcDNA3-NFLAG HspB2 or pcDNA3-NFLAG vector and G418-resistant clones stably expressing HspB2 or empty vector were created as described previously [26] .
Apoptosis assays MDA-MB-231 breast cancer cells stably expressing HspB2 or vector were plated onto 6-well plates at 0.4 9 10 6 cells/well. Cells were untreated or treated with 500 ng/ml TRAIL or 10 ng/ml TNF-a (R&D Systems) and 1 lg/ml cycloheximide (Sigma). Both floating and attached cells were collected with 0.05% Trypsin (Invitrogen) and fixed with glutaraldehyde (Sigma) for 15 min. Cell pellets were washed in PBS (Invitrogen) and cell nuclei were stained with 10 lg/ml bisbenzimide (Sigma) for 10 min at 37°C. The percentage of cells with apoptotic nuclei was determined by fluorescence microscopy as previously described [26, 27] . At least 200 cells were scored in each experiment and experiments were performed three times. In other experiments, apoptosis was scored by flow cytometry using an Annexin V-PE apoptosis detection kit I (BD Biosciences) according to the manufacturer's protocol.
Caspase substrate fluorogenic assays MDA-MB-231 cells were plated at a concentration of 2 9 10 6 cells per plate and treated with TRAIL 200 ng/ml (DEVDase assays) or 500 ng/ml (IETD assays) for 0-4 h at 37°C. Following treatment, the cells were collected using 0.05% Trypsin, and caspase-3-like and caspase-8-like activity were determined using the DEVD and IETD Fluorogenic Assay Kits (R&D Systems), respectively, according to the manufacturer's recommendations. Fluorescence was measured by Spectra Max Gemini Microplate Spectrofluorimeter (IBB, excited at 405 nm and read at 500 nm). Fold caspase activity was determined by normalizing fluorescence to t = 0 levels.
Western blot analysis
MDA-MB-231 cells were plated at 2 9 10 6 cells per plate and were untreated or treated with 500 ng/ml TRAIL for 0-8 h. After 8 h, both floating and adherent cells were collected with 0.05% Trypsin and pelleted by microcentrifugation. Cells were washed with ice-cold PBS supplemented with 1 mM PMSF and pelleted by microcentrifugation. The cell pellets were resuspended in RIPA buffer (50 mM Tris-HCl pH 7.4, 0.1% SDS, 0.5% deoxycholic acid, 150 mM NaCl, and 1% NP40) and incubated on ice. At the end of 30 min, the samples were spun in a microcentrifuge at 13,200 rpm for 15 min. The supernatants were transferred to new tubes. Total protein concentrations were determined using the BCA Assay Kit (Pierce Biotechnology) following the manufacturer's protocol. After completing protein assays, an equal volume of 29 sample buffer (100 mM Tris pH 6.8, 4% SDS, 200 mM DTT, 20% glycerol, and 0.01% Bromophenol blue) was added. Samples were then boiled for 5 min in a 100°C heating block and subjected to SDS-PAGE analysis on 13.3% polyacrylimide gels as described. Proteins were detected by western blotting as described using the Perkin Elmer Western Lightning Chemiluminescence system.
Induction of apoptosis by truncated Bid
MDA-MB-231 cells stably expressing HspB2 or vector were transiently transfected with pEGFP-N1 (Clontech Laboratories) and either pCMV-5a empty vector or pCMV-5a-tBid (kindly provided by Honglin Li, Northwestern University). Both adherent and floating cells were collected using 0.05% Trypsin and fixed with 4% paraformaldehyde. After fixation, nuclei were stained with 10 lg/ml bisbenzimide and apoptotic nuclei were scored as described [26, 27] .
Orthotopic xenograft model
Human MDA-MB-231 breast cancer cells stably expressing HspB2 or empty vector were injected into the mammary fat pads of 4-to 5-week-old female athymic nude mice (Harlan) and mammary tumors were established. Tumors were then excised, dissected into 1 mm 3 pieces, and implanted subcutaneously into both mammary fat pads of 4-to 5-week-old female athymic nude mice (10 mice with MDA-MB-231 tumors stably expressing HspB2 and 10 mice with tumors expressing empty vector). Two weeks later, mice with established tumors (expressing vector or HspB2) were treated with PBS (vehicle) or TRAIL 5 mg/kg/day by intraperitoneal injection (four groups of five mice each). Tumor volume was measured weekly for a 5-week period.
Statistical analysis
Unless otherwise stated, all statistical analysis of the data was analyzed by two-way ANOVA followed by a Bonferroni post-test. Analysis was performed using GraphPad Prism software.
Results
HspB2 inhibits the extrinsic apoptotic pathway
We observed that HspB2 was highly expressed in ER-positive MCF-7 and T47D breast cancer cells, expressed at low levels in ER-negative MDA-MB-435 and MDA-MB-468 breast cancer cells, and expressed at undetectable levels by immunoblotting in ER-negative MDA-MB-231 breast cancer cells (Fig. 1) . Intriguingly, we have previously demonstrated that of these five breast cancer cell lines, only MDA-MB-231 cells are sensitive to TRAIL [19] , indicating that HspB2 expression correlates with TRAIL-resistance. We selected MDA-MB-231 cells to overexpress HspB2 to avoid the potentially confounding effect of the endogenous protein. To determine whether HspB2 confers protection against apoptosis, we examined the sensitivity to TRAIL of MDA-MB-231 breast carcinoma cells stably expressing empty vector or a FLAG-tagged HspB2 cDNA (three independent clones, Fig. 2a ). Stable expression of HspB2 in all three clones conferred robust protection against TRAILinduced apoptosis compared to vector-expressing breast cancer cells (Fig. 2b and c) . Consistent with our prior results [19] , MDA-MB-231 cells stably expressing aB-crystallin were also protected against TRAIL, and the magnitude of protection was similar to that observed by overexpressing HspB2. We next examined whether HspB2 conferred Fig. 2 HspB2 inhibits TRAIL and TNF-a-induced apoptosis. a Immunoblot of MDA-MB-231 cells stably transfected with FLAGtagged wild-type HspB2 cDNA or empty vector. The ectopically expressed proteins were detected using the FLAG M2 monoclonal antibody. b MDA-MB-231 breast cancer cells stably expressing HspB2 (three clones, A2, A3, and A4), aB-crystallin or empty vector were treated with 500 ng/ml TRAIL for 0-24 h, and the percentage of cells with apoptotic nuclei were scored. The data represent the mean ± SEM of three independent experiments (*P \ 0.05, **P \ 0.01, ***P \ 0.001 versus vector control for each time point). c MDA-MB-231 stably expressing HspB2, aB-crystallin or empty vector were untreated or treated with 500 ng/ml TRAIL for 4 h. After 4 h, cells were analyzed by flow cytometry for Annexin V-PE and 7AAD fluorescence. The percentage of cells in each quadrant is indicated. d MDA-MB-231 breast cancer cells stably expressing HspB2, aB-crystallin or empty vector were treated with 10 ng/ml TNF-a and 1 lg/ml cycloheximide for 0-24 h, and the percentage of cells with apoptotic nuclei was scored. The data represent the mean ± SEM of three independent experiments (***P \ 0.001 versus control at each time point). e MDA-MB-231 cells stably expressing HspB2, aB-crystallin or empty vector were untreated or treated with 10 ng/ml TNF-a and 1 lg/ml cycloheximide for 4 h, at which time cells were analyzed for Annexin V-PE and 7AAD fluorescence by flow cytometry protection against a second activator of the extrinsic apoptotic pathway, TNF-a. TNF-a binds to the TNF receptor-1 (TNFR-1) and assembles a receptor complex that includes TRADD and FADD to activate apical caspases and induce apoptosis [28] . Indeed, all three breast cancer clones stably expressing HspB2 were protected against TNF-a induced apoptosis to a comparable degree as breast cancer cells stably expressing aB-crystallin ( Fig. 2d and e) . Taken together, these results indicate that HspB2 inhibits the extrinsic apoptotic pathway initiated by TRAIL and TNF-a.
HspB2 inhibits TRAIL-induced caspase-8 and caspase-3 activity
To determine whether HspB2 inhibits TRAIL-induced activation of apical caspase-8 and effector caspase-3, we incubated breast cancer cells stably expressing HspB2 or empty vector with TRAIL for 0-4 h and measured caspase-8-like activity by incubating cell lysates with the fluorogenic caspase-8 substrate IETD-AFC. TRAIL treatment rapidly induced caspase-8-like (IETDase) activity in the vectorexpressing cells, but HspB2 robustly suppressed TRAILinduced caspase-8 activity (Fig. 3a) . We next examined the effect of HspB2 on TRAIL-induced activation of the effector caspase-3 using a fluorogenic caspase-3 substrate DEVD-AFC. TRAIL treatment resulted in rapid and robust increase in caspase-3-like (DEVDase) activity in vector-expressing cells, which was dramatically attenuated by HspB2 expression (Fig. 3b) . These results suggest that HspB2 inhibits the most proximal step in the extrinsic apoptotic pathway, namely, the activation of the apical caspase-8.
HspB2 inhibits TRAIL-induced apical caspase proteolysis and caspase substrate cleavage
To identify the specific caspases and caspase substrates that HspB2 protects against TRAIL-induced proteolytic cleavage, we treated MDA-MB-231 breast cancer cells stably expressing empty vector or HspB2 with TRAIL for 0-8 h and performed immunoblotting on whole cell lysates. HspB2 overexpression inhibited TRAIL-induced proteolytic processing of apical procaspases-8 and 10 (detected by stabilization of the proenzyme and/or diminished production of the cleavage product) and attenuated cleavage of the caspase-8 substrate Bid (Fig. 4) . The inhibition of these apical events in the extrinsic apoptotic pathway by HspB2 was accompanied by a reduction in procaspase-9 and 3 cleavage and diminished proteolysis of the caspase-3 substrate MLH-1 [29] . The effects of HspB2 overexpression on the induction of apoptosis were determined in parallel with the immunoblotting experiments (indicated at the bottom of Fig. 4 ) and confirmed our earlier observation that HspB2 conferred protection against TRAIL. Collectively, these findings provide additional evidence that HspB2 inhibits the extrinsic apoptotic pathway by negatively regulating apical caspase activation.
High levels of HspB2 inhibit apoptosis downstream of Bid activation
To further delineate the cytoprotective mechanisms of HspB2, we transiently co-transfected breast cancer cells stably expressing empty vector or HspB2 (low or high Fig. 3 HspB2 inhibits TRAIL-induced caspase-8 and caspase-3 activity. a MDA-MB-231 breast cancer cells stably expressing HspB2 or empty vector were treated with 500 ng/ml TRAIL for 0-3 h. Caspase-8-like activity was determined by incubating cell lysates with the fluorogenic caspase-8 substrate IETD-AFC. Fold caspase-8 activity was determined by normalizing fluorescence to t = 0 levels. b MDA-MB-231 breast cancer cells stably expressing HspB2 or empty vector were treated with 200 ng/ml TRAIL for 0-3 h. Caspase-3-like activity was determined by incubating cell lysates with the fluorogenic caspase-3 substrate DEVD-AFC. Fold caspase-3 activity was determined by normalizing fluorescence to t = 0 levels. In both a and b, the data represent the mean ± SEM of three independent experiments (**P \ 0.01, ***P \ 0.001 versus vector control at each time point) levels) with tBid and GFP. Transfected (GFP-positive) cells were then scored for apoptosis. We postulated that tBid would bypass the proximal apoptotic blockade conferred by HspB2 and initiate apoptosis by triggering the release of pro-apoptotic mitochondrial proteins such as cytochrome c. Although low levels of HspB2 (clone A2) did not protect against tBid-induced apoptosis, higher levels of HspB2 (clone A4) unexpectedly conferred partial protection against tBid (Fig. 5) . These results suggest that higher levels of HspB2 may negatively regulate mitochondrial and/or post-mitochondrial apoptotic events such as cytochrome c release and/or apoptosome-induced activation of caspase-9, respectively.
HspB2 inhibits the anti-tumor effects of TRAIL in vivo
To determine whether HspB2 inhibited the anti-tumor effects of TRAIL in vivo, we treated female athymic nude mice with established orthotopic MDA-MB-231 tumors stably expressing vector or HspB2 with vehicle or 5 mg/kg/ day of TRAIL for 5 weeks. Mammary tumors stably expressing vector or HspB2 that were treated with vehicle grew throughout the 5-week treatment period (Fig. 6) . However, mammary tumors stably expressing vector were very sensitive to TRAIL and many tumors regressed. In contrast, mammary tumors stably expressing HspB2 were partially resistant to TRAIL and grew rapidly from weeks 2-5 of the study. These results indicate that HspB2 confers protection against the anti-tumor effects of TRAIL in vivo.
Discussion
HspB2 is a member of the sHSP family that functions as a chaperone for the myotonic dystrophy protein kinase (DMPK), thereby enhancing its kinase activity [23] . We have reported a new function for HspB2 as a negative regulator of the extrinsic apoptotic pathway. Specifically, we have demonstrated that breast cancer cells stably expressing HspB2 are resistant to apoptosis induced by TRAIL and TNF-a. Moreover, we have shown that HspB2 inhibits TRAIL-induced proteolytic activation of initiator caspases-8 and 10 and effector caspase-3. These results strongly suggest that HspB2 inhibits the most proximal step in the extrinsic apoptotic, namely, activation of the initiator caspases-8 and 10. Because apical caspase activation is dependent on recruitment of both the adaptor protein FADD and procaspases-8 and 10 to ligand-bound death receptor complexes, it is tempting to speculate that HspB2 may disrupt the recruitment of one or more of these proteins to the death receptor complex. Intriguingly, at higher levels of expression, HspB2 also inhibits tBid-induced apoptosis, suggesting that HspB2 may weakly inhibit mitochondrial or post-mitochondrial apoptotic events. This latter function is consistent with the reported mitochondrial localization of HspB2 [25] . However, modest levels of HspB2 sufficient to inhibit TRAIL-induced apoptosis do not inhibit tBidinduced apoptosis, indicating that suppression of these mitochondrial/post-mitochondrial events is not required for HspB2's anti-apoptotic function. Collectively, our results identify HspB2 as a novel anti-apoptotic protein that inhibits apical caspase activation in the extrinsic pathway. Our lab has previously shown that the structurally related sHSP aB-crystallin confers protection against a broad range of apoptosis-inducing agents, including TRAIL, TNF-a, chemotherapy and growth factor deprivation [19, 26, 30] . aB-crystallin suppresses apoptosis by specifically inhibiting the activation of caspase-3 by binding to the pro-enzyme and the p24 processing intermediate of caspase-3 and preventing its maturation to the proteolytically active enzyme [26, 31] . Moreover, aB-crystallin has also been reported to inhibit apoptosis by raising intracellular glutathione levels, providing a buffer against reactive oxygen species, and by sequestering pro-apoptotic molecules such as p53, Bax and Bcl-x s in the cytoplasm [32] [33] [34] . Interestingly, the sHSP Hsp27 has also been shown to negatively regulate apoptosis by inhibiting caspase-3 activation [35] . Hsp27 has also been reported to bind to cytochrome c and suppress caspase-9 activation [36] . Together with the results presented here indicating that HspB2 inhibits activation of apical caspases-8 and 10, these findings suggest that sHSPs may work in concert to inhibit apoptosis by acting on partly unique and partly overlapping molecular targets. As such, this network of anti-apoptotic sHSPs represents an intricate and multilayered cytoprotective function in normal cells, while deregulated expression of these sHPS in cancer results in profound apoptosis resistance in tumor cells.
Consistent with their anti-apoptotic function, sHSPs have been recently implicated in the pathogenesis of cancer. Indeed, aB-crystallin is expressed in a variety of highly aggressive solid tumors, including breast cancer, malignant gliomas (glioblastoma multiforme), renal cell carcinomas, and non-small cell lung cancers [31, [37] [38] [39] [40] . In breast cancer, aB-crystallin is predominantly expressed in triple (ER/PR/HER2) negative breast tumors with a basal-like gene expression profile and is associated with poor clinical outcomes, including shorter disease-specific survival and chemotherapy resistance [39, 41, 42] . Moreover, Hsp27 has been implicated in the pathogenesis of androgen-independent prostate cancer [43, 44] . In contrast, the potential role of HspB2 in cancer has not been explored. Because HspB2 and aB-crystallin share an intergenic promoter [21, 22] , it will be interesting to determine whether HspB2 and aBcrystallin are co-expressed in triple negative breast tumors and other neoplasms. Given the robust anti-apoptotic activity of HspB2, it is tempting to speculate that this sHSP may play a pathogenic role in diverse malignancies, an hypothesis we are exploring.
